A DNA strand-transfer reaction is an early step in the transposition of phage Mu. It has been shown that an efficient reaction in vitro requires, in addition to buffer and salt, only the Mu A protein, Mu B protein, host protein HU, ATP, and Mg2+. We have determined that, of the three protein factors involved, only the Mu B protein has an ATPase activity. The Mu B ATPase is stimulated by Mu A protein and DNA but not by either of these factors alone. Double-stranded DNA is a much better cofactor than single-stranded DNA, but there is no apparent sequence specificity. In the absence of the Mu B protein and/or ATP, the intermolecular Mu DNA strandtransfer reaction is extremely inefficient, and the strandtransfer products are predominantly the result of an intramolecular reaction. This contrasts with the efficient intermolecular reaction that occurs if Mu B protein and ATP are provided. The Mu B protein, in the presence of Mu A protein and protein HU, therefore, seems to facilitate interactions between potential DNA target sites and pairs of Mu DNA ends.
Mu is a temperate phage of Escherichia coli that utilizes transposition reactions as essential steps in its life cycle (for reviews see refs. 1 and 2) . Integration of infecting Mu DNA into the host chromosome, to form a stable lysogen, occurs by nonreplicative simple insertion (3, 4) . In lytic growth, Mu generates multiple copies of its genome by repeated rounds of replicative transposition (5), The high efficiency of Mu transposition and the availability of cell-free reaction systems make Mu an attractive system for biochemical analysis of the transposition reaction.
We have developed cell-free systems to study the mechanism of Mu transposition (6) (7) (8) (9) . In these systems the transposon donor is a mini-Mu plasmid, and another DNA molecule, commonly OX174 replicative form DNA, serves as the target of transposition. It has been shown that a DNA strand-transfer reaction is an early step in Mu transposition (8) . In this reaction, the 3' ends of Mu are transferred to the 5' ends of a staggered cut in the target DNA. The resulting structure is an intermediate in both cointegration and simple insertion. Cointegrates are made by replication ofthe Mu part of the intermediate, using the free 3' ends of the target DNA as primers for leading-strand DNA synthesis. Simple inserts are formed from the same intermediate by degradation of the DNA segment that flanked the mini-Mu part of the donor molecule, followed by gap repair.
Two Mu-encoded proteins are required for an efficient intermolecular DNA strand-transfer reaction in a defined system (9) : the Mu A protein, which is regarded as the transposase because it is essential for transposition (10, 11) and specifically recognizes DNA sequences at the ends ofthe Mu genome (12) , and the Mu B protein. The Mu B protein enhances the efficiency of Mu transposition in vivo (11, 13, 14) and in vitro (6) . In addition to the Mu-encoded proteins, the host protein HU, ATP, and Mg2+ are also required for efficient intermolecular DNA strand transfer (9) . To 
MATERIALS AND METHODS
Enzymes and DNA. The Mu A protein and protein HU were purified as described (9, 15) . The Mu B protein was purified as described by Chaconas et al. (16) . Restriction enzymes were purchased from New England Biolabs.
The structure of the mini-Mu plasmid pMK108 has been described (6, 17) . Linear pMK108 DNA was prepared by digestion of the supercoiled form with Pst I. Supercoiled pBR322 DNA was a gift from Mary O'Dea (this laboratory), and the linear form was prepared by digestion with EcoRI. Supercoiled M13 replicative form DNA was purchased from P-I Biochemicals, and single-stranded M13 DNA was isolated from phage particles. Prior to use in ATPase reactions, supercoiled DNA species were repurified by centrifugation to equilibrium in a CsCl gradient in the presence of ethidium bromide. A 172-base-pair (bp) DNA fragment, derived from the sea urchin 5S rRNA gene, was prepared as described (18) . Self-complementary, nonphosphorylated dodecanucleotides (BamHI, Bgl II, and HindIII linkers) were purchased from New England Biolabs.
Mu DNA Strand-Transfer Reactions. DNA strand-transfer reactions were carried out as described (9) (9) . Preliminary experiments indicated that ATP is hydrolyzed during the course of this reaction. However, with the reaction conditions described (9) , some loss of ATPase activity with time was observed (data not shown). The reaction conditions were, therefore, modified to improve the stability of the ATPase activity. This was achieved by the addition of glycerol to 7.5% (wt/vol), increasing the dithiothreitol concentration from 1 to 3 mM, increasing the bovine serum albumin concentration from 25 to 300 ug/ml, and lowering the reaction temperature from 30'C to 250C. Under these modified reaction conditions no detectable loss of ATPase activity was observed with preincubation times of up to 3 hr, and the DNA strand-transfer reaction is as efficient as under the original conditions (data not shown).
Screening of the proteins involved in the Mu DNA strandtransfer reaction revealed that the Mu B protein has an ATPase activity, but only background levels of hydrolysis were detected with the Mu A protein and protein HU preparations ( Table 1 presence of Mu A protein may suggest that a sequence longer than 12 bp is needed for this stimulation. This contrasts with the indistinguishable effects of the addition of dodecamer DNA or pBR322 DNA on the ATPase activity of the Mu B protein alone.
The variation in the Mu B ATPase activity as a function of DNA concentration, in the presence of Mu A protein, is complex (data not shown). For example, with the protein concentrations given in Table 2 , at low concentrations of DNA (e.g., 1 ,g/ml) inhibition is observed, whereas at higher DNA concentrations (>5 ,g/ml) the reaction is stimulated. This behavior probably reflects a combination of inhibition of the ATPase activity of the Mu B protein alone at low DNA concentrations (Fig. 2) and stimulation in the presence of Mu A protein at higher DNA concentrations (Tables 1 and 2) .
Mu DNA Strand-Transfer Products Made in the Absence of Mu B Protein and/or ATP. In the absence of Mu B protein and/or ATP, under the reaction conditions described (9), the efficiency of the Mu DNA strand-transfer reaction is too low to enable the products to be readily detected by gel electrophoresis; however, nicking that is specific to the mini-Mu plasmid is observed (see figure 4 . of ref. 9). Inclusion of glycerol in the reaction, as in the modified reaction conditions reported here, permits a relatively efficient intramolecular reaction to occur in the absence of Mu B protein and/or ATP (Fig. 3) . However, even under these modified reaction conditions, the efficiency of the intermolecular strand-transfer reaction is extremely low if Mu B protein and ATP are not provided. The four possible types of intramolecular strandtransfer products, which result from strand transfer ofthe Mu ends to a DNA target site located on the same mini-Mu molecule, are shown in Fig. 4 . Electron micrographs of these intramolecular products are shown in Fig. 5 . Electron microscopy of these structures, after first digesting with restric- tion endonucleases, confirms that their structures are as shown in Fig. 4 (data not shown) .
How may these intramolecular strand-transfer products be resolved to form heritable structures? The intermolecular strand-transfer product can be resolved to a simple insert by degradation of the flanking DNA, followed by gap repair; alternatively, it can be resolved to a cointegrate by replication of the Mu part of the structure (8) . The former resolution pathway, with the structure shown in Fig. 4A (structure a) as the substrate, would generate molecules with a deletion of both the entire flanking DNA and deletion of a DNA segment extending from one end of the Mu sequence to a variable location within the mini-Mu part of the molecule. If the structure shown in Fig. 4A (structure b) serves as the substrate, the product should have a deletion of the entire flanking DNA, accompanied by the inversion of a DNA segment extending from one end of the Mu sequence to a variable location within the mini-Mu part of the molecule. Both of these types of rearrangement are detected after incubation of intramolecular Mu DNA strand-transfer products with an E. coli cell-extract (unpublished data). Replication of the Mu part of the structure depicted in Fig. 4B (structure c), the intramolecular analogue of cointegration, should generate mini-Mu molecules with deletions of heterogeneous size in the flanking DNA adjacent to one of the Mu ends. Such adjacent deletions are indeed generated as one of the products of Mu transposition in vivo (1) and in vitro (6) . Replication of the Mu part of the structure depicted in Fig. 4B (structure d) is expected to generate an inverted duplication of the Mu part of the structure, accompanied by the inversion of a DNA segment adjacent to one of the Mu ends. This type of rearrangement has been reported to occur in vivo (1) (12) , whereas the Mu B protein binds to DNA with little or no sequence preference in the presence of ATP (unpublished data). Mu B protein may facilitate capture of potential target sites, for which there is very little sequence specificity, by pairs of Mu ends that are held together in a complex with Mu A protein and possibly protein HU. In the absence of Mu B protein, target sites may be found by random collision and hence the intramolecular reaction predominates. The mechanism by which Mu B protein facilitates the interaction of the Mu end sequences with distant potential target DNA sites, and the role of ATP in the process, are important questions that remain to be addressed.
